Uncommonly High Upper Critical Field in the Superconducting KOs 2 Oe Pyrochlore 
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The entire temperature dependence of the upper critical field H C 2 in the /3-pyrochlore KOS2O6 
is obtained from high-field resistivity and magnetic measurements. Both techniques identically 
give H C 2(T ~ K) not only surprisingly high (~ 33 T), but also the approach to it unusually 
temperature- linear all the way below T c (= 9.6 K). We show that, while i/ C 2(0) exceeds a simple 
spin-singlet paramagnetic limit Hp, it is well below an Hp enhanced due to the missing spatial 
inversion symmetry reported recently in KOS2O6, ensuring that the pair-breaking here is executed by 
orbital degrees. Ab initio calculations of orbital Hdi show that the unusual temperature dependence 
is reproduced if dominant s-wave superconductivity resides on the smaller closed Fermi surfaces. 

PACS numbers: 74.25.Op, 74.25.Fy, 74.25. Ha, 74.20.Rp 



Transition metal oxides, with a nexus of strong electron 
correlations and structural diversity in the ways oxygen 
tetrahedra and octahedra can be edge- and corner-linked, 
are well known to host rather unusual quantum states. 
High-T c copper oxide superconductors or manganites are 
most explored) 1 - but such quantum phenomena are also 
in evidence in the "pyrochlore" structure 2 - where, in ad- 
dition, geometrical (spin) frustration enters in a crucial 
way. Superconductivity in /3-pyrochlore oxides AOS2O6 
discovered not long ago, with relatively high transition 
temperatures T c (3.3 K, 6.3 K, and 9.6 K for A = Cs, 3 
Rb) 4 -^ and respectively) and distinctly odd behav- 
iors in the normal state, suggests new physics, perhaps 
explicitly connected to this structure. 

KOS2O6, with the highest T c , appears to be more 
unusual than the rest. The resistivity in the normal 
state has a pronounced convex temperature dependence 
down to Tc; 7 - indicating that electron-phonon scattering 
is strong - likely owing to the rattling motion of 'caged' 
K ions£ The specific heat has a jump AC/T C — 185 mJ 
K~ 2 mol -1 at T c , but also another (jump) anomaly at a 
lower temperature T p ~ 7.5 K that has been attributed 
to freezing of the K rattle^ ' 10 ! 11 In addition, strong elec- 
tron correlations show up in important ways in transport 
and thermodynamic properties: for example, the ther- 
mal conductivity of KOS2O6 is enhanced in the super- 
conducting stated 1 - (reminiscent of high- T c cuprates), and 
the Sommerfeld coefficient 7 is also largely enhanced^ 1 ^ 
from the band calculation valued 

The coexistence of strong electron correlations that 
prefer an anisotropic order parameter and strong 
electron-phonon coupling that favors a fully gapped 
s-wave ground state may render the workings of su- 
perconducting pairing in KOS2O6 rather uncommon. 
Experimentally, the situation appears contradictory: 
/zSR measurements 12 suggest anisotropic gap func- 



tions with nodes, in sharp contrast to the node- 
less gap in RbOs20gfi 3 - while low-temperature thermal 
conductivity^ 1 - - based on its magnetic field insensitivity 
- is consistent with a fully gapped state. 

Indeed, there has been much speculation about possi- 
ble (unconventional) modes of pair-breaking in KOS2O6 
at low temperatures. Based on extrapolated (from low 
fields) estimates of upper critical field H C 2 in the T — > K 
limit, suggestions have been made 10 ' 14 that the spin 
contribution to the pair-breaking must be significant, 
that H C 2(0) in KOS2O6 may exceed the Pauli param- 
agnetic limit expected in a spin-singlet superconductor, 
that a quantum critical state may enter, and that a 
state with a spatially modulated order parameter (Fuldc- 
Ferrell-Larkin-Ovchinnikov (FFLO) stated) may appear 
at low T and high magnetic fields. 

Here we show that in this pyrochlore system, missing 
spatial inversion symmetry can uniquely control the pair- 
breaking process, leading to unconventional behavior of 
the upper critical field without an unconventional pairing 
mechanism found in some heavy fermion systems (e.g. 
CePtaSi fRef. liH)) that also lack inversion symmetry. 

We have experimentally reached the low-T high-field 
limit to obtain the full temperature dependence of H C 2 
in KOs 2 6 . We find that H c2 in the T -> K limit is not 
only surprisingly high, but also the approach to it does 
not display the typical flattening at low T. Both high- 
field resistivity and magnetic penetration measurements 
gave us an identical H C 2(T) growing linearly with tem- 
perature and reaching ~ 32 T in the subKelvin range. 
This value is clearly beyond the simple Clogston param- 
agnetic limit of Hp ~ 18 TJZ Following a remarkable re- 
cent structural finding of broken symmetry in KOS2O6, 14 
we show by relying on experimental inputs how this limit 
can be hugely enhanced (up to ~ 54 T). This enhance- 
ment leaves orbital pair-breaking protected from spin ef- 
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FIG. 1: (color online). Field dependence of the resistivity in 
KOS2O6. In the experiments, a block of small single crystals 
was cut into two pieces: one was used for resistivity and the 
other for magnetic measurements, as those in Fig. 2. Inset: 
Typical field-pulse profiles used. Magnetic fields up to ~ 50 T 
were applied in the current direction. 



FIG. 2: (color online). Time derivative df/dt of the frequency 
shift of the tunnel diode oscillator containing the KOS2O6 
sample. The full up- (dashed line) and down-field cycle is 
shown for T = 0.54 K, for which the frequency shift A/ vs. 
field is also displayed in the inset. At other temperatures 
(color coded as in Fig. 1), only down-field sweeps are shown 
and each curve is vertically shifted for clarity. 



fects up to very high fields, with the observed T-linear 
H c 2 fully consistent with the orbital contributions from 
the closed Fermi surfaces. 

In this study, we used a block containing several sin- 
gle crystals of cubic KOS2O6 grown by the technique de- 
scribed in Ref. @- The resistivity was recorded using 
a 100 kHz lock-in technique in a 65 T maximum field, 
60 ms pulsed magnet^ at the National High Magnetic 
Field Laboratory (NHMFL in Los Alamos). The mag- 
netic penetration was measured by a tunnel diode oscil- 
lator (TDO) operating at / ~ 55 MHz in an LC tank 
circuit.— A heterodyne technique was used to beat down 
the frequency to the hundreds of kHz range, with the 
waveform recorded during the pulse. The sample was 
inserted in one coil of the pair wound in a gradiome- 
ter configuration [sketched in Fig. 2] , and the inductance 
change due to the change in the penetration depth was 
detected by the shift of the resonance frequency A/. 

Figure 1 shows the field dependence of the resistivity 
p in KOS2O6. Upon the field sweep, p(H) evolves, as ex- 
pected, from the superconducting (vortex) state at low 
fields to the high-field normal state. The resistive tran- 
sition is relatively sharp; a certain amount of broadening 
is expecte d 20 ' 21 since the crystals in a block are weakly 
connected. The upper critical field H C 2 can therefore 
be determined in the usual way from the field at which 
p(H) is fully restored to its normal-state value. In order 
to remove any ambiguity in the resistively determined 
H C 2 (Ref. I2II ) we have further corroborated our results 
by magnetic measurements. The inset of Fig. 2 displays 
the frequency shift A/ of the TDO as a function of H. 
The observed hysteresis is related to the asymmetry of 
the field pulse shown in the inset of Fig. 1 - the field 



pulse rise time (10 ms) is much shorter than the fall time 
(50 ms). The field direction is perpendicular to the axis 
of the coils; in our setup one coil detects the change in 
the sample and the other is for the cancellation of the 
voltage signal from dB/dt. To bypass the somewhat im- 
perfect cancellation, we plot df/dt as a function of field 
in the main panel of Fig. 2, where the anomaly (peak) 
due to the change in the penetration depth is clearly ar- 
ticulated. The high-field end point of the peak in df/dt 
corresponds to the field where the whole sample becomes 
normal, and hence it is the value of the upper critical 
field. The H C 2 values determined from the up and down 
sweeps of the field pulse coincide with each other, which 
is a solid indication that our measurements are free from 
eddy-current heating oc (dB/dt) 2 . 

Our independent resistive and magnetic measure- 
ments define a unique upper critical field line H C 2(T) 
(Fig. 3) which is also consistent with previous low-field 
dataffi^ i 10 ' 14 we surmise then this temperature depen- 
dence is intrinsic to KOs20g. H C 2(T) has two salient fea- 
tures: (i) its temperature dependence is linear in T, with- 
out any visible saturation at low temperatures, and (ii) it 
reaches 32 T at the lowest temperature measured (0.5 K) 
and unambiguously extrapolates to 33 T in the zero tem- 
perature limit, which corresponds to the coherence length 
£(0) = 3.2 nm. To understand the pair-breaking mode, 
both of these features need to be accounted for. 

Since this upper limiting field is so large, let us at- 
tempt a more realistic estimate of the Pauli paramag- 
netic limiting field Hp. At Hp, Cooper pairs are broken 
apart by the Zeeman splitting produced by the magnetic- 
field coupling to the electron spins. This takes place 
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FIG. 3: (color online). Temperature dependence of the upper 
critical field determined by the resistivity (closed squares) and 
magnetic (open circles) measurements. The solid line is the 
expected orbital h*(t) from the conventional WHH formula- 
tion. The dotted and dashed lines are ab initio calculations 
for the maximum h*(t) ([111] direction) by fitting the initial 
slope at T c and taking into account all the Fermi surfaces 
(FS) and the closed FS only, respectively. Inset: Schematic 
Os network in the non-centrosymmetric (F43m) structure. 



when the Zeeman energy reaches the condensation en- 
ergy U c = N(0)A 2 /2 = H 2 /8n [JV(0) is the density of 
states at the Fermi level, A is the superconducting gap, 
and H c is the thermodynamic critical field]: 



U c = {xn-Xs(T)}H*/2. 



(1) 



Here \n = 9 2 Mb^(0)/2 is the Pauli spin susceptibility 
in the normal state (/xb is Bohr magneton) and Xs{T) is 
the spin susceptibility in the superconducting state. In 
spin-singlet superconductors, Xs(T) follows the Yoshida 
function which vanishes at T — K. Simple calculations 
within the weak-coupling BCS theory with A = 1.76A;bT c 
and the assumption g = 2 give the well-known result^! 
Hp [in Tesla] = 1.85T C [in Kelvin]. In KOs 2 6 , this limit 
is 17.8 T, clearly much lower than the observed H C 2(0). 

We may improve on this estimate by making use 
of experimental parameters 2 ^ for the susceptibility Xn 
and in the determination of the condensation energy 
U c : the normal-state Pauli susceptibility Xn ~ 4.2 x 
10 -4 emu/mol has been measured*^ just above T c . The 
specific heat jump AC/T C = 185 mJ K -2 mol -1 = 
[dHc/dT^jATr at T c (Ref. iH) gives an estimate for 
the T = thermodynamic critical field H c (0) « 0.26 T. 
Using Eq. (1), this results in a larger value Hp w 31 
somewhat higher than the estimate Hp sa 27 T by 
Briihwiler et al. 10 using strong coupling corrections^ 



These values are near but still below the experimental 
i? c2 (0) rs 33 T. We point out that in usual spin-singlet 
superconductors H C 2(T) tends to saturate below Fpp 
which appears to contradict our data. 

At first glance, this would suggest spin-triplet su- 
perconductivity for which Xs{T) remains of order of 
the normal-state value, pushing the Pauli limit towards 
higher fields. Rather than invoking unconventional pair- 
ing, an alternative scenario providing a finite Xs(T = 0) 
derives from the recently reported non-centrosymmetric 
crystal structure of KOS2O6 by Schuck et al.^ they 
found a volume deviation from an ideal /3-pyrochlore lat- 
tice in Os tetrahedral and O octahedral networks and 
found the structure to be cubic with F43m space group. 

The lack of inversion symmetry [visualized by the Os 
network in the inset of Fig. 3] affects the electronic prop- 
erties through the appearance of an antisymmetric spin- 
orbit coupling (ASOC) term a s , g(k)a 



ks ks' 



the Hamiltonian, where a denotes the spin-orbit coupling 
strength, t? is the Pauli matrices vector, ct (ct ) creates 
(annihilates) an electron with momentum k and spin s, 
and g(k) is a dimensionless vector with g{—k) = —g{k). 
Such a term will admix spin-singlet and spin-triplet 
pairing^! and hence modify the spin susceptibility Xs (T) 
in the superconducting stated 

The effect has been extensively studied for the non- 
centrosymmetric superconductor CePtaSij 1 ^ there the 
susceptibility Xs(T) of the spin-singlet state assumes the 
form of a spin-triplet material with the <i(fc)-vector of 
the triplet order-parameter replaced by the spin-orbit 
coupling vector g(k)M With a simple s-wave supercon- 
ductivity found in the sister compounds RbOs2 06 and 
CSOS2O6, it appears natural to start from an s-wave sce- 
nario also in the present case. Given the FA3m symme- 
try in KOS2O6 (as in zincblende), the spin-orbit coupling 
vector g(k) has a form: 28 



m = [k x (k 2 y - kD 



k y (k 2 



l),k z (kl-k 2 y )}/kl (2) 



with fcp the Fermi wave vector. 

In KOS2O6, we expect a fairly large a from the heavy 
Os atoms, allowing us to use the spin-triplet state expres- 
sion in the determination of Xs(0)j with the replacement 
d(k) — ► g{k) as noted above. Following the calculations 
formulated inS 8 - with g(k) in Eq. (2), we obtain the value 
Xs(0) = (2/3)xn- The right hand side of our Eq. (1) then 
is reduced by a factor 1/3, resulting in a paramagnetic 
limiting field Hp enhanced by a factor of y3- Taking 
our above estimate of 31 T based on experimental val- 
ues for U c and Xn, we find an enhanced limiting field 
Hp ~ 54 T, way beyond the observed value of -ff C 2(0)^ 
This large Hp then resides sufficiently far above the mea- 
sured value H C 2(0) ~ 33 T and thus protects the orbital 
upper critical field H c2 (T) from spin effects. 

The remaining question is how the orbital effects 
can enforce the observed linear temperature dependence. 
The orbital depairing is usually well described by the 
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Werthamer-Helfand-Hohenberg (WHH) theory,? 9 where 
the reduced critical field h* (t) — _^H^(tydt\ t -i sa turates 
to h*(0) = 0.727 in the clean limit. This h*(t = T/T c ), 
plotted as solid line in Fig. 3, clearly deviates from the 
experimental data at low T. 

Recently Kita and Arai provided a theoretical frame- 
work that allows for ab initio calculations of orbital _ff c2 
accounting for electronic band-structure effects^ Band 
structure calculations for the AOs 2 6 compounds^ unveil 
two kinds of Fermi surfaces (FS): one is the connected FS 
with necks along the three-fold axis, while the other in- 
volves closed sheets centered on the T point. Taking these 
Fermi surface shapes into account, we performed ab ini- 
tio calculations of h*(t). We find that the FS anisotropy 
gives a maximum H C 2 in the [111] direction, which we 
compare with the experimental H C 2 taken as the field 
where the whole sample becomes normal^ 

Calculated results including all Fermi surfaces (con- 
nected and closed) are shown in Fig. 3. This h*(t) still 
deviates from the H C 2(T) data at low temperatures. In 
contrast, if we ignore the connected surface and calculate 
h*(t) for the closed surfaces alone, we obtain an essen- 
tially T- linear h*(t) without saturation at low T, in very 
good agreement with the data. We conclude then, that 
depairing at the upper limiting field is enforced by the or- 
bital degrees of freedom, without interferences from the 
Pauli limit, and that the superconducting pairing mainly 



occurs on the closed Fermi surfaces. 

Our finding of orbitally limited H C 2 is compatible with 
the fully gapped superconductivity suggested by thermal 
conductivity measurements.— In the spin-triplet 
nodeless gap is possible for the d = (k x ,k v ,k z ) = dew 
(known as Balian-Werthamer state). This state, how- 
ever, is easily suppressed by the ASOC term that satisfies 
g(k) ■ c?bw = 0^ This strongly suggests that the s-wave 
spin-singlet component is dominant in KOS2O6, which is 
likely mediated by the strong electron-phonon coupling 
that wins over the electron correlations. 

Lastly we comment on new vortex phases that can 
arise. In CePtaSi, the ASOC forms a helical vortex 
phase, 32 analogous to the FFLO state with a finite net 
momentum of Cooper pairsJ^ Thus, there is an intrigu- 
ing expectation that a new vortex state may also appear 
in KOs20g>^ So in summary, our results highlight a pro- 
found influence of broken spatial inversion symmetry on 
the nature of pair-breaking in KOS2O6. 
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